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Morphologic alterations in the rat medullary collecting duct
following potassium depletion
DAVID L. STETSON, JAMES B. WADE. and GERHARD GIEBI5cH
Department of Pln'siology, Yale University School of Medicine, New Haven, Connecticut
Morphologic alterations in the rat medullary collecting duct fol-
lowing potassium depletion. Freeze-fracture and thin-section
electron microscopy and morphometry were used to character-
ize further the response of the rat medullary collecting duct to
potassium depletion. In freeze-fracture replicas, principal cells
and intercalated cells were identified based on the assumption
that intercalated cells possess a high density of rod-shaped intra-
membrane particles in their luminal membranes. Potassium de-
pletion caused an increase in the relative number of cells with a
high density of rod-shaped particles from the control level of 22%
to 3 t% after 2 weeks and to 36% after 4 weeks. The frequency of
intercalated cells identified by thin-section criteria was, how-
ever, about 35% in controls and unchanged by potassium deple-
tion. This suggests that intercalated cells can have two types of
membrane morphology. In potassium depletion, all intercalated
cells display a high density of rod-shaped particles in their lumi-
nal membranes. In addition, the luminal membrane area of inter-
calated cells increased more than threefold, and the density of
their rod-shaped particles increased by 21%. These observations
suggest that the intercalated cell and its rod-shaped particle may
be involved with the potassium reabsorption that occurs in this
nephron segment with potassium depletion.
Modifications morphologiques du canal collecteur du rat con-
sécutives a une déplétion en potassium. Le cryo-décapage, Ia mi-
croscopic Clectronique sur coupes fines et Ia morphometrie ont
etë utilisés pour mieux Ctablir Ia rCponse du canal collecteur
mCdullaire du rat a Ia depiCtion en potassium. Sur les repliques
de cryo-dCcapage les cellules pnncipales et les cellules inter-
calaires ont etC identifiCes a partir de l'hypothese scion laquelle
les cellules intercalaires possCdent une grande densitC de part-
icules intra-membranaires luminales en forme de bâtonnets. La
depICtion en potassium a déterminC une augmentation du
nombre relatif de cellules de cc type de 22% chez les tCmoins a
33% aprCs 2 semaines et 36% après 4 semaines. La frequence
des cellules intercalaires identifiCes sur coupes minces. cepen-
dant, était de 35% chez les contrôles et non modifies par Ia dCplC-
tion en potassium. Celà suggère que les cellules intercalaires
peuvent avoir deux types de morphologies membranaires. Dans
Ia depICtion en potassium toutes les cellules intercalaires ont une
grande densitC de particules en forme de bâtonnets dans leurs
membranes luminales. Dc plus, Ia surface membranaire luminale
des cellules intercalaires augmente de plus de trois fois et Ia den-
site des particules augmente de 21%. Ces observations suggèrent
que les cellules intercalaires et leurs particules en forme de bâ-
tonnets peuvent étre impliquees dans Ia reabsorption de potas-
sium qui prend place dans cc segment du nCphron au cours de Ia
depletion en potassium.
Since the early reports that two cell types exist in
the mammalian collecting duct [1], many investiga-
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tors have attempted to define the morphologic char-
acteristics and physiologic roles of these two cell
types. The cell type known as principal cells or light
cells are so named because they are the most nu-
merous cell type in the collecting duct, and their
cytoplasm stains lightly by both light microscopic
and electron microscopic stains [2—4]. Electron mi-
croscopy has shown that principal cells have a pau-
city of cytoplasmic organelles and a relatively
smooth luminal plasmalemma. In contrast, the in-
tercalated cells, which are also called dark cells,
take up stain more avidly, usually have many mito-
chondria, many apical cytoplasmic vesicles, and a
luminal plasmalemma displaying dense microvilli or
microplicae. Also, the cytoplasmic side of the lumi-
nal membrane and some apical vesicles of inter-
calated cells have regularly-spaced densities of un-
known significance [4, 5] known as "studs" or
"pegs." Principal cells and intercalated cells can be
discriminated by scanning electron microscopy by
virtue of the different morphologies of their luminal
membranes [6, 7]. In addition, freeze-fracture stud-
ies [8] have suggested that only intercalated cells
possess distinctive rod-shaped intramembrane par-
ticles, whereas principal cells possess unusual
square particle arrays in their basolateral mem-
branes.
Relying on some of these identification criteria,
many investigators have studied the differential re-
sponses of these two cell types to various experi-
mental or pathologic conditions. Oliver et al [9], us-
ing light microscopic criteria, demonstrated that po-
tassium-depleted rats show an increase in the
number of intercalated cells in the outer medullary
Received for publication February 2, 1979
and in revised form May 23, 1979
0085-2538/80/0017-0045 $02.40
© 1980 by the International Society of Nephrology
46 Stetson ei a!
collecting ducts. In fact, many experimental treat-
ments are purported to cause increases in the rela-
tive frequency of intercalated cells. These experi-
ments and their results are reviewed by Richet and
Hagege [10].
Many previous attempts to quantify changes in
intercalated cell number have relied on light micro-
scopic identification of cell type. Unfortunately, the
criteria by which principal cells and intercalated
cells have been identified have some ambiguity and
have led to controversy [5—7, 11, 12]. In particular,
individual cells with characteristics of both princi-
pal and intercalated cells have been found in control
and different experimental conditions [5—7]. These
observations have been interpreted to mean that in-
tercalated cells may represent a specific functional
state of principal cells. Another possible inter-
pretation of these observations, however, not yet
considered, is that the two cell types in fact are dis-
tinct, but that appearance of intercalated cells may
depend on functional demand at the cellular level.
This study extends the investigation of the re-
sponse of the collecting duct to potassium depletion
by using not only thin section but also freeze-frac-
ture electron microscopy to identify principal cells
and intercalated cells and to determine their relative
incidence. In addition, the significance of the rod-
shaped particles was investigated by assessing pos-
sible changes in the density of these particles and in
the amount of luminal membrane possessing these
distinctive particles. Ultrastructural morphometric
data were also collected to characterize further the
response of the collecting duct to potassium deple-
tion.
Methods
Male Sprague-Dawley rats, each weighing 200 to
250 g, were fed Teklad potassium-deficient diet (no.
170550) for 2 or 4 weeks with tap or distilled water
ad Jib. Paired control animals were fed either Purina
lab chow or Teklad potassium-control diet (no.
170555). Results in both control groups were in-
distinguishable, and, hence, pooled.
At the time of sacrifice, the animals were anesthe-
tized with mactin (Byk Gulden, Konstanz), 100 mgI
kg body wt. Blood samples were taken from the ca-
rotid artery from some animals for determination of
serum potassium. The kidneys were then fixed with
vascular perfusion. (I) Karnovsky's fixative [13],
diluted 1:3 with 0.1 M cacodylate buffer (PH, 7.2)
was perfused through the entire body via a cannula
inserted into the aorta through a cut in the wall of
the left ventricle. Perfusion pressure was 50 mm
Hg. (2) The retrograde perfusion method of Boh-
man [14] was used with his fixative adjusted to 600
mOsm perfused at 200 mm Hg. Often, the first
method did not flush the kidneys quickly or ade-
quately, indicating a possibility of poor fixation.
Such kidneys were discarded, The second method
was used to improve the yield of well-fixed tissues.
Also, we wanted to eliminate the chance that any
observed change in morphology was due to poor
fixation. The second method was compared to the
first to identify inadequate fixation. Ultimately, no
morphologic differences were observed between
tissues fixed by the two perfusion methods.
Electron microscopy. Slices of tissue 1-mm thick
were taken from the inner stripe of the red medulla.
Tissue to be examined by freeze-fracture was
soaked in 25% glycerol in 0.1 M cacodylate buffer
for 2 to 18 hours. Samples were frozen in a frozen
nitrogen slush produced by cooling liquid nitrogen
to its freezing point under vacuum. Freeze-fracture
replicas were prepared in a Balzers BAF 301 freeze-
fracture apparatus using a Baizers mirror-image
replica device. The thickness of the platinum-car-
bon and carbon films was controlled by a Balzers
QSG 201 quartz-crystal thin-film monitor. Replicas
were washed overnight in Chlorox, picked up on
100-mesh formvar-coated grids, and coded to elimi-
nate bias during examination and quantification.
Tissue for conventional thin-section EM was pre-
pared from the same kidneys and region as the
freeze-fracture specimens. Tissue was postfixed
with 1% osmium tetroxide, dehydrated in a graded
series of ethanol, embedded in Durcupan ACM, and
sectioned with a Diatome diamond knife (Electron
Microscopy Sciences) and an LKB-Huxley ultra-
microtome. Electron microscopy was performed
with a Zeiss EM JOB microscope.
Quantification. Cell-type frequency from freeze-
fracture replicas was estimated with either prints,
negatives, or directly at the electron microscope.
Because equivalent results were obtained with all
these methods, most counts were obtained at the
electron microscope at a magnification of x 10,000.
Cell counts from thin sections were determined on-
ly from prints. The identification of cell types in thin
sections was tested by having independent apprais-
als carried out by two of us using the same prints.
Essentially, identical estimates of cell frequencies
were obtained. For both freeze-fracture replicas
and thin sections, at least 49 cells were counted for
each animal. After all counts were completed, the
code was broken, and total experimental and con-
trol cell counts were tabulated.
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Quantitation of intramembrane particle density
was performed on at least 10 cells for each animal
by using micrographs of appropriately fractured lu-
minal membrane enlarged to x54,000. Membrane
length was estimated on prints at x 5600 from inter-
sections of the membranes with a semicircular grid
(after Merz, 15) with spacing of 1 cm. Because this
test system has an isotropic line density for all ori-
entations of the grid, use of this grid eliminates er-
rors arising from the anisotropic orientation of
membranes in epithelia. Boundary length (B), mea-
sured in micrometers, was determined by using the
formula: B = I1d, where I is the number of inter-
sections with the test grid lines and the spacing (d)
is equal to 1.786 m. Cell area, volume-percent (V)
of organelles and inclusions, and surface density
(Sw) were determined by stereologic analysis [16] by
using a square array of points with spacing of 1 cm.
Statistics. Significance levels for cell counts were
determined by using the x2 statistic, for particle
density by using analysis of variance (ANOVA),
and for other quantification by using Student's t
test. All results are reported as the mean SEM.
Results
Thin-section electron microscopy. The two main
cell types described by previous investigators could
be distinguished in thin sections of collecting ducts
from the inner stripe of the outer medulla. Principal
cells have a smooth luminal membrane and few
cytoplasmic organelles (Fig. 1). Intercalated cells
have a more amplified luminal membrane and more
cytoplasmic organelles and inclusions (Fig. 1). As
previously reported [4, 5], intercalated cells display
distinctive studs associated with the cytoplasmic
surfaces of the luminal plasmalemma and apical
vesicles (Fig. 2). We found that the incidence of
studs in membranes of intercalated cells is variable;
this variability can be found in different animals
fixed by different methods. The studs may occur on-
ly in vesicles and not in luminal membrane (Fig. 2a),
in vesicles, and in discrete patches on the luminal
plasmalemma (Fig. 2b), or associated with most of
the plasmalemma. The plasmalemma of intercalated
cells from potassium-depleted animals are always
entirely studded and vesicles are largely absent
from the apical cytoplasm (Fig. 2c). Studded vesi-
des appear dissimilar to pinocytotic-coated vesicles
with respect to overall shape and size. Principal
cells apparently do not have studded vesicles or
plasmalemmal studs (Fig. 2d).
Freeze-fracture electron microscopy. Two cell
types are also identifiable by freeze-fracture EM if
Fig. 1. Thin-section electron micrographs of the two main cell
types in control rat medullary collecting duct, a Intercalated cell.
Note the amplification of the luminal membrane and the large
number of vesicles in the apical cytoplasm (between arrows). b
Principal cell. This cell type has a rather smooth luminal mem-
brane and unremarkable cytoplasm. (L, lumen; magnification
x5900).
only luminal membrane characteristics are consid-
ered: (I) a cell type with a low density of intra-
membrane particles on the P fracture face of the lu-
minal membrane (most of these particles are spheri-
cal but about 15% of them are rod-shaped) (Fig. 3),
and (2) a cell type with a high density of rod-shaped
particles on the luminal P face and corresponding
depressions on the E face (about 35% of the total
particles are spherical) (Fig. 4, a to c). Humbert et
al [8] have suggested that intercalated cells have
high-density rod-shaped particles and principal cells
have none. It is clear from our work, however, that
.
' 
:.
 - 
•
 
•
 
': 
:; • 
•
 
iø
 
'It
 0
 :
:.
.-
..
..
..
. 
•
 
1'
 
Fig. 2. Thin-section electron ,nicrographs of the luminal regions of intercalated cells (a and b are control; c, potassium-depleted)
and a principal cell (d). a Studs are not apparent on luminal membrane (insert i) but are clearly present on cytoplasmic vesicles (V and
inset ii, arrows). The luminal membrane is without microvilli. b Studs are absent from most of the luminal membrane (inset i) and some
apical vesicles (V'), but can be found on other vesicles (V) and in small patches on the luminal membrane (inset ii, studs, arrows). c
Potassium-depleted intercalated cells have long microplicae, which are entirely coated with studs on their cytoplasmic side (arrows).
Vesicles do not have studs (V'). d Principal cells possess no luminal membrane (arrows) or vesicle (V') studs. (Magnification: x 100,000;
insets, x175,000)
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Fig. 3. Freeze-fracture replica of a control principal cell. The
luminal membrane P fracture face (P) is characterized by a
sparse population of particles, mostly spherical but with a few
individual rod-shaped particles (inset, arrows). Apical vesicles
have few rod-shaped particles. Large arrow indicates the direc-
tion of shadow. (L, lumen; magnification: x54,000: inset,
x 125,000)
structurally similar rod-shaped particles do occur in
nearly all collecting duct cells, although infrequent-
ly in some cells. It is not clear, however, whether
the rod-shaped particles of principal cells are func-
tionally identical to those of intercalated cells.
The description of principal cells and intercalated
cells in freeze-fracture becomes more complicated
if one considers the cytoplasmic vesicles in addition
to luminal membrane features. Some cells with a
low density of rod-shaped particles in their apical
plasmalemma have vesicles with high-density rod-
shaped particles in their apical cytoplasm (Fig. 4d).
Further, high-density rod-shaped particle cells can
also have high-density rod-shaped particle vesicles
in the apical cytoplasm.
The relative frequencies of high-density rod-
shaped particle cells determined from freeze-frac-
ture replicas are reported in Table I in comparison
with those of intercalated cells determined by thin-
section electron microscopy. There is poor corre-
spondence between these values for control ani-
mals. This discrepancy may be explained by the
fact that cells with studded cytoplasmic vesicles
and with smooth unstudded luminal membranes are
called intercalated cells in thin section, but the same
cells are called low-density rod-shaped particle cells
in freeze-fracture. By pooling the observations from
both thin sections and freeze-fracture replicas, we
conclude that intercalated cells may exist in at least
two forms: (type I) with high-density rod-shaped
particles and studs associated with the luminal
membrane, and (type II) without high-density rod-
shaped particles or studs associated with the lumi-
nal membrane, but with them in cytoplasmic vesi-
des. Also, principal cells never have a high-density
of rod-shaped particles or studs associated with ei-
ther luminal membrane or cytoplasmic vesicles.
Response to potassium depletion. After 4 weeks
of exposure to the potassium-deficient diet, rats are
significantly depleted of potassium. Control animals
have serum potassium concentrations of 3.6 0.2
mmoles/liter, whereas 4-week potassium-depleted
animals have serum potassium concentrations of
1.7 0.2 mmoles/liter. As previously reported [17],
potassium-depleted animals have not gained weight
at the same rate as controls.
Response to potassium depletion seen by thin-
section EM. Following potassium-depletion, inter-
calated cells show reduced incidence of studded
vesicles in the apical cytoplasm, though pinocytotic
vesicles and smooth endoplasmic reticulum remain
(Fig. 2c). The apparent length of intercalated cell
microplicae has increased as has the volume of
most collecting duct cells (Fig. 5). These qualitative
observations are confirmed by quantitative mor-
phometry (Table 2), The luminal membrane bound-
ary length of intercalated cells has increased by a
factor of 3.3 after 4 weeks of potassium depletion.
This effect appears to be highly specific because
neither the principal cell luminal boundary length,
principal cell basolateral boundary length, nor the
intercalated cell basolateral boundary length shows
a significant change during the same treatment. The
mean area of both principal and intercalated cells in
thin-section (an index of cell volume) approximate-
ly doubled following treatment. Cell enlargement
was reported earlier by Oliver et al [9] and
Muehrcke and Rosen [17]. Thus, all the cells of the
medullary collecting duct from potassium-depleted
animals are enlarged (Fig. 5), perhaps in response to
altered intracellular ion composition. Although it is
possible that this enlargement is due to poor tissue
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Fig. 4. Freeze-fracture replicas of control intercalated cells, a An intercalated cell with high-density rod-shaped particles in the luminal
membrane. band c Enlargements of the E face (b) and P face (C) of the cell shown in a. The luminal membrane E face depressions are
produced by P face rod-shaped particles. d An intercalated cell with low-density rod-shaped particles in the luminal membrane.
Cytoplasmic vesicles (arroiis, a and d) also have particles. Large arrows indicate the direction of shadow. (L, lumen; magnification:
a and d, x75,000; b and c, >< 150,000)
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fixation, we consider this unlikely. Cells from po-
tassium-depleted kidneys were enlarged consistent-
ly after both fixation methods, and none of the con-
trol kidneys showed enlargement that could be a
fixation artifact. The possibility cannot be ruled out,
however, that fixation of potassium-depleted kid-
neys differ from control kidneys because of altered
renal hemodynamic factors.
The luminal surface density (Sw) of principal cells
and the basolateral and total S of both principal
cells and intercalated cells decreases. In contrast,
the value of luminal S, for intercalated cells tends to
increase in spite of the large increase in cell volume,
although this increase is not statistically significant.
Coincident with the increase in luminal mem-
brane boundary length is an 80% decrease in the
volume percent (V) of clear vesicles in the cyto-
plasm of intercalated cells (Table 3). A similar de-
crease does not occur in principal cells. The V, of
mitochondria in principal cells increases slightly fol-
lowing 4 weeks of potassium depletion. Also, inter-
calated cells have a larger V,, of mitochondria (P <
0.01, by t test) than do principal cells under control
and potassium-depleted conditions, but it is not
clear that the difference is large enough to serve as a
reliable criterion for cell-type identification. Final-
ly, the number of lysosomes in intercalated cells in-
creases dramatically following potassium depletion,
as previously reported by others [9, 18].
Response to potassiutn depletion seen by freeze-
fracture EM. Freeze-fracture investigations of kid-
Table 1. Thin section vs. freeze-fracture evaluation of cell types
(as percent of tota1)
Frequency of
intercalated cells
Animals in thin section
Frequency of
HRP cells in
freeze-fracture
Control
39% (149) 20% (70)
2 27(103) 16(128)
3 30 (79) 25 (72)
4 — 28(102)
5 — 18(67)
6 — 23 (105)
7 37 (125) —
8 36(72) —
Total 34% (528) 22% (544)"
4-Week potassium depleted
1 34% (113) 35% (136)
2 25(134) 36(124)
3 37 (324) 42 (59)
4 42 (95) 34(312)
Total 35% (666) 36% (631)
Number in parentheses is number of cells counted. HRP is
high-density rod-shaped particle.
"P < 0.001 (x2), thin-section vs. freeze-fracture.
Fig. 5.A thin-section electron micrograph of a principal cell (PC)
and an intercalated cell (IC) fro,n a 4-week potassiu,n-depleted
rat. Both cell types are enlarged. The intercalated cell has longer
luminal microplicae than control (cf. Fig. 1). (L, lumen; magnifi-
cation, x4000)
neys from potassium-depleted animals show that
the frequency of high-density rod-shaped particle
cells increases from 22% in controls to 31% in ani-
mals depleted of potassium for 2 weeks and to 36%
for 4-week depleted animals (Table 4). Note that the
frequency of high-density rod-shaped particle cells
seen in freeze-fracture is nearly identical to the fre-
quency of intercalated cells seen in thin section in
potassium-depleted animals (Table 1). Therefore,
all intercalated cells have high-density rod-shaped
particles as well as luminal microplicae and studs as
noted in thin section; that is, one population of in-
tercalated cells exists in potassium-depleted ani-
mals. In addition to an increase in the number of
high-density rod-shaped particle cells, by 4 weeks
of depletion the density of rod-shaped particles in
these cells increases from the control level of 1792
104 to 2173 50 particles/m2 with a commensu-
rate increase in total particle density (Table 5, Fig.
6). Most of this increase occurs during the second 2
weeks of potassium depletion. A small increase in
the incidence of luminal membrane spherical parti-
cles, and therefore total particles, occurs in low
density rod-shaped particle cells by 2 weeks with no
further increase occurring thereafter. In contrast,
we observed no effect of potassium depletion on ba-
solateral membrane morphology. Freeze-fracture
replicas also show that the microplicae of high-den-
sity rod-shaped particle cells increase in length fol-
lowing potassium depletion (Fig. 7).
I' •:....
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Table 2. Membrane morphometrya
Boundary length, pin Cellarea
Luminal Basolateral pin2 Luminal
S, pin
Basolateral Total
Principal cells
Control (5) 13.2 1.4 90.9 8.4 47.1 7.7 0.40 0.07
4-Week K depleted (6) 15.2 1.3 99.3 6.0 100.5 14.9 0.22 0.04
P NS NS <.02 <0.05
Intercalated cells
Control (5) 23.3 0.5 84.0 4.8 53.8 10.7 0.67 0.13
4-Week K depleted (6) 76.9 13.4 88.2 15.6 112.9 25.0 0.95 0.11
P <0.01 NS <005b NS
2.68 0.29
1.41 0.19
<0.01
2.19 0.25
1.15 0.21
<0.02
3.08 0.34
1.63 0.23
<0.01
2.86 0.35
2.11 0.25
NS
a Numbers in parentheses are the number of animals per group. Values are mean SEM.
Mann-Whitney U test.
Table 3. Organelles/inclusions volume percent (V)a
Clear vesicles Mitochondria Lysosomes
Principal cells
Control (5) 0.8 0.3 9.5 0.9
4-Week K depleted (6) 0.6 0.2 13.8 0.9
P NS <0.01
Intercalated cells
Control (5) 8.1 0.7 19.4 1.0
4-Week Kdepleted (6) 1.7 0.6 23.7 0.6
P <0.001 NS
0.6 0.3
1.2 0.2
NS
0.4 0.2
2.9 0.4
<0.001
a Numbers in parentheses are the number of animals in each group. Values are mean SEM.
Discussion
This work addresses two main problems in col-
lecting duct morphology and physiology: (I) the
identification of cell types, and (2) the morphologic
response of the collecting duct associated with po-
tassium depletion.
The present investigation and that of Humbert et
al [8] have shown that membrane structural features
vary between different cells of this epithelium; that
is, the cell types can be classified on the basis of
rod-shaped particle density within the luminal mem-
brane. It has been shown here, however, that cells
that may be called intercalated cells by thin-sec-
tion criteria (that is, dense cytoplasm, many mito-
chondria, and numerous apical vesicles) may not
have a high-density of luminal membrane rod-
shaped particles. Therefore, we suggest that two
populations of intercalated cells exist simultaneous-
ly in control rats; one population of cells with the
characteristics of intercalated cells in thin section
but without luminal membrane high-density rod-
shaped particles, and a second population of inter-
calated cells that does have high-density rod-shaped
particles in the luminal membrane. A similar divi-
sion of intercalated cells into two types, "gray" and
"dark," was previously suggested by Kriz, Kais-
sling, and Pszolla [19].
Potassium depletion, which has been shown to
stimulate potassium reabsorption along nephron
sites beyond the distal tubule [20—22], also causes a
specific shift in the intercalated cell population such
that all intercalated cells have a high density of lu-
minal rod-shaped particles. This implies that the
high-density rod-shaped particle-intercalated cell is
a stimulated or differentiated form of intercalated
cell. It is possible, but not proven, that potassium
reabsorption may be a function of these cells in the
collecting duct. The absence of change in the total
intercalated cell population seen by thin-section in
this study (Table 1) and also that of Hansen, Tisher,
and Robinson [12] may indicate that the total num-
ber of intercalated cells is not altered by potassium
depletion, but that the changes in incidence pre-
viously reported may reflect a modulation of cell
structure within a constant intercalated cell popu-
lation.
Prolonged potassium depletion also increases
rod-shaped particle density and luminal plasma-
lemma surface area only in intercalated cells.
Thus, there is an increase in total rod-shaped par-
ticle number in potassium depletion which can be
attributed to compensatory increases at three lev-
els: (1) an increase of particle density of 21%, (2) a
three-fold increase in the luminal surface area of in-
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Table 4. Incidence of cell typesa
HRP
Animal HRP LRP Total %total
14 56 70 20
2 21 107 128 16
3 18 54 72 25
4 28 74 102 28
5 12 55 67 18
6 24 81 105 23
Total 1/7 427 544 22
2-Week potassium depleted
1 34 62 96 35
2 44 78 122 36
3 21 56 77 27
4 22 42 64 34
5 63 173 236 27
6 14 35 49 29
7 18 38 56 32
Total 2/6 484 700 3V'
4-Week potassium depleted
47 89 136 35
2 44 80 124 36
3 24 34 59 42
4 lOS 207 312 34
Total 220 410 630 36b
a Abbreviations are: HRP, high-density rod-shaped particle
cells; and LRP, low-density rod-shaped particle cells.b < ØflJ5 (y2)
tercalated cells, and (3) a 60% increase in the num-
ber of intercalated cells with a high density of rod-
shaped particles. These summed increases yield a
sixfold increase in the total rod-shaped particle
number in the outer medulla. At the same time,
principal cells display a 30% increase in spherical
particle number, no change in luminal surface area,
and no change in total number of cells within the
collecting duct. Therefore, there is only a 1.3-fold
increase in spherical particle number. The increase
in rod-shaped particles seems to be a specific re-
Table 5. Luminal membrane particle densities (no. particles/ems)a
Spherical Rod-shaped Total
LRP cells
Control (5.29) 1101 59 199 26 1301 64
2-Week (7,64) 1467 47 176 18 1643 55
4-Week (4,47) 1431 86 216 25 1647 103
P <0,01 NS <0.05
HRP cells
Control (5,22) 963 90 1792 104 2756 90
2-Week (7,60) 999 51 1852 50 2847 53
4-Week (4,56) 860 46 2173 50 3033 42
P NS <0.01 <0.01
a Numbers in parentheses are the number of animals in each
group, with the total number of cells for that group. Abbrevi-
ations are: LRP, low-density rod-shaped particle; and HRP,
high-density rod-shaped particle.
sponse by the kidney to potassium depletion. Table
6 summarizes the characteristics of the cell types
and the changes that occur after potassium de-
pletion.
An explanation for the increase in intercalated
cell luminal membrane may be deduced from the
behavior of their studded cytoplasmic vesicles.
Freeze-fracture indicates that these vesicles pos-
sess rod-shaped particles. The vesicles are not pres-
ent in potassium-depleted intercalated cells, though
the luminal plasmalemma, which was variably
studded in control cells, is now entirely studded.
This raises the possibility that studded vesicles can
fuse with the luminal plasmalemma, contributing
both membrane and rod-shaped particles. The stim-
ulus for the proposed fusion of studded vesicles
with intercalated cell luminal membrane is un-
known, but it may be a fall in intracellular potas-
sium concentration caused by organismal potas-
sium depletion.
0—0 Principal cells
.—. Intercalated cells
Fig. 6. A graphical demonstration of the increases in lu,ninal membrane particle density with duration of K depletion. Asterisk denotes
P at least < 0.05 by analysis of variance.
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Fig. 7. A freezeftacture replica of a 4-week K* depleted inter-
calated cell. The microplicae are longer, the rod-shaped particles
denser, and the apical cytoplasmic vesicles with rod-shaped par-
ticles fewer than the control (cf. Fig. 4). (Magnification, x 52,000)
Rod-shaped intramembrane particles have also
been described in flask cell in Xenopus kidney [23]
(and unpublished observations) and in the mito-
chondria-rich cell of toad bladder [24, 25]. The fact
that studs have also been found in association with
the membranes of these cell types in thin sections
[26, 27] is consistent with the association of these
two features found in the present work. It has been
suggested that Xenopus flask cells are involved in
ion regulation [28] and/or acid-base and nitrogen
balance [29]; toad bladder mitochondria-rich cells
are also believed to be involved with urinary acid-
ification [30, 3 1]. The evidence of the present work
combined with these other studies argues that the
rod-shaped particle and associated stud may medi-
ate potassium ion and/or hydrogen ion transport.
Potassium depletion in rats has been shown to be
associated with marked chronic metabolic alkalosis
[32], with enhanced proximal tubular bicarbonate
reabsorption and hydrogen ion secretion [33, 34].
Although there is no direct evidence of increased
acidification by the collecting duct, potassium de-
pletion has recently been found to stimulate excre-
tion of ammonia by the distal nephron [35]. There-
fore, it is possible that the morphologic response re-
ported here is related to a change in bicarbonate,
hydrogen, and/or ammonium ionic transport rather
than with potassium reabsorption. But, because of a
close relationship between acid-base balance and
potassium transport, it is also possible that the han-
dling of the four ions, potassium, bicarbonate,
ammonium, and hydrogen, is mediated by an inter-
related transport system within intercalated cells.
Wade et al [36] have just shown that long-term
treatment of rabbits with desoxycorticosterone ace-
tate (DOCA) causes a dramatic amplification of the
basolateral membrane of principal cells in cortical
collecting tubules. DOCA also causes an increase in
sodium reabsorption and potassium secretion by
the same tubules [37]. Moreover, Silva, Hayslett,
and Epstein [38] have shown that potassium loading
in rats induces increases in medullary sodium-po-
Table 6. Summary of cell-type characteristics
.
Approx. relative
frequency of Cell luminal
Luminal membranea Apical vesicles
-
High-density Studs High-density Studs
Cell type cell type, % surface areaa rod-shaped particles rod-shaped particles
Control
Principal 65 — 0 0 0 0
Intercalated type 1 20 — + + + +
lntercalatedtypell IS — 0 0 + +
K depleted
Principal 65 NC 0 0 0 0
Intercalated type 1 35 + + + + +
Intercalated type 11 0 — — — — —
0, denotes not present; +, present; NC, no change; ++, increase; and variably present.
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tassium-ATPase. Potassium loading also causes an
increase in basolateral surface area in medullary
collecting ducts in rats [39]. In contrast, potassium
depletion causes an increase in the luminal surface
area of intercalated cells with no concomitant
change in principal cells. This collected evidence
suggests that principal cells are involved with reab-
sorption of sodium and secretion of potassium, that
intercalated cells are responsible for the reabsorp-
tion of potassium and perhaps also the secretion of
hydrogen ions, and that the balance of the two sepa-
rate functions contributes to the determination of
the final urine potassium concentration and pH.
Summary (Table 6). This study has demon-
strated: (1) that two populations of intercalated cells
exist in the rat medullary collecting duct, (2) that
potassium depletion induces an increase in the in-
cidence of intercalated cells having a high density of
rod-shaped particles in their luminal membrane, (3)
that the area of luminal plasmalemma of inter-
calated cells increases in potassium depletion, and
(4) that the density of rod-shaped particles in inter-
calated cell luminal membrane increases in re-
sponse to potassium depletion.
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